Introduction
Tactile perception is one of the five human senses. It plays an important role for human beings in object recognition [1] [2] [3] . During feeling the texture of a surface, we usually move our fingers across the surface to be able describe it in detail. It is hard to identify the texture when still [4] . This implies that the tactile perception depends on tribological motion between human skin and the sensed surface. The formation of tactile perception is a complex process of nerve conduction and processing. In the process of touching, the vibration and deformation caused by friction stimulate sensory receptors in the skin. The sensory receptors detect and transform this vibration and deformation to nerve action potentials that are conveyed to the corresponding sensing area of the cerebral cortex through the afferent nerve, spinal cord, and brain stem. Finally, tactile perception is formed in the somatosensory cortex [5, 6] .
The sensory receptors in skin are the main receptors of tactile perception, and the cerebral cortex is the cognitive region for tactile perception. Tactile perception is related to skin receptors and the cerebral cortex. Currently, most research on tactile perception focuses on the tribological and biomechanical properties of skin. Tang et al. [7] studied the vibration and friction signals of skin during tactile perception and extracted eight characteristic features to represent tactile perception. Bhushan et al. [8] studied the effect of skin cream on the tribological properties of skin and found the amplitude of vibration decreased after cream treatment, leading to smoother perception.
However, there is little research focus on cerebral cortex tactile cognition. Research on tactile perception of materials based on EEG and event-related potential (ERP) technology can skip the usual tactile information transmission channels, such as human nerve endings and muscles, and directly focus on the tactile formation region of the brain [9, 10] . Li et al. [11] studied the tactile perception of fingertips when touching sandpaper with different roughness and found that there was a significant correlation between friction perceptions and EEG signals. Moungou et al. [9] studied the steady-state evoked potentials (SS-EP) under different amplitudes of texture exploration-induced vibration and found that textures generating stronger vibration also generated SS-EPs of greater magnitude.
It is known that EEG signals are usually accompanied by strong background noise. The ERP technique obtains the event related potentials evoked by surface texturing and further develops the relationship between tactile perception and surface texturing [12] . Among all the ERP components, P300, as a typical endogenous component, has high connection with the brain cognitive process [13] . It is generally believed that the amplitude and peak latency of P300 are mainly affected by the probability of stimulation [14] . Horiba et al. [15] applied ERP technology in fabric evaluation and found the P300 amplitude in an uncomfortable state was higher than in a comfortable state. Chen et al. [16] studied the P300 potential based on different fabric materials and found that fabric with a rougher surface induces higher P300 amplitude.
Tactile sensation of material properties can generally be classified into four fundamental dimensions: roughness, hardness, stickiness, and warmness [17] . Among the four perceptual dimensions, the roughness dimension has been demonstrated that is highly prominent perceptual dimensions of surface textures [18, 19] . Surface roughness is associated with several physical texture properties, including height differences, spacing between each texture elements, and shape of texture elements [20] . Previous studies have shown surface texturing can improve the tribological performance of contact surface by serving as a micro-hydrodynamic bearing in full or mixed lubrication, a micro-reservoir for lubricant in starved lubrication, and a micro-trap for wear debris in lubricated or dry sliding [21] [22] [23] [24] . When hydrated skin contact with a textured surface, the localised pressure perturbation produced by the thin dispersed moisture layers can create a lift to reduce the friction between the contact surfaces that is called microhydrodynamics [25] . The micro-hydrodynamics phenomenon was also been found in other biomaterials, such as hip joint [26] and keratin-based gecko feet [27] . Studies of tactile perception based on ERP mostly focus on specific materials such as different fabrics and paper with variable surface features. It is meaningful to study the specific surface texture features that affect material tactile sensation, as understanding these features can help explain the human brain's cognitive mechanics for tactile perception.
During tactile perception, the electrical system in brain will respond to the changes in vibration, friction, and surface properties between the perceived textured surface and human skin. There are few related studies. The goal of this paper is to systematically study the tactile perception from the surface textures, surface friction, stress response of the skin receptors, and neurophysiological response of the brain. In this study, ERP and friction measurement were carried out during fingers exploring grating surfaces. A finite element finger model was established to analyze the stress changes of the skin receptors during tactile perception This study contributes to understanding the formation process and cognitive mechanism of tactile perception of different surface textures. It also provided an objective feeling evaluation method for skin touched surfaces, skin cream, and fabrics by combining physiological response of brain, skin friction, and surface properties.
Experimental methods
This research was conducted under the guidance of international ethical standards [28] and was approved by our ethics committee. The experiments were conducted in accordance with the Nomenclature P sample without texture W i sample with different grating width S i sample with different grating spacing approved guidelines. We obtained informed consent from all study subjects.
Test bed and samples
To ensure the synchronous triggering of events, a tactile trigger device was designed that consists of two tri-axial force sensors and one square-wave generator. The tri-axial force sensors were used to obtain the friction force and touching normal load. The touching normal load was changed into an electric pulse by a square-wave generator that triggered the EEG system amplifier and marked the start of touch. In this way, the synchronization of touching action and EEG data collection could be ensured.
A test bed was designed. As shown in Fig. 1(a) , the non-target sample was placed on the pad, and the two target samples were placed on the tri-axial force sensors. The height and the distance between the three samples were consistent. During the test, the assistant moved the slide rail to change the samples.
Sample without any grating texture was selected as non-target sample and was represented by P. Samples with different grating width and spacing were represented by W i and S i as shown in Fig. 1(b) . The sample materials are acrylic plates with Young's modulus of 3000 MPa and passion rate of 0.39. The gratings on the samples were made by laser processing. The detailed parameters of the samples were shown in Table 1 .
Stimuli
An oddball paradigm was used to evoke P300 wave, which was widely applied in the investigation of multiple cognitive functions. The oddball paradigm usually requires two kinds of stimuli simultaneously, namely target and non-target stimuli [29] . In this paradigm, presentations of sequences of repetitive non-target stimuli are infrequently interrupted by a deviant target stimulus. P300 wave only occurs if the subject is actively engaged in the task of detecting the target stimuli. During the test, the subject's attention was required to focus on the rarely presented target stimuli, while the brain electrical response (EEG signals) to unexpectedly occurring ''novel" target stimuli is recorded and investigated [30] . This method can reduce any extraneous neural activity and extract the specific response to the target stimuli. The traditional oddball paradigm has only two stimuli. Under this paradigm, it is impossible to directly compare the effects of two kinds of stimulation on P300. Therefore, an oddball variation paradigm was chosen to evoke P300 in this study. This mode allows one non-target sample and two target samples. The non-target sample occurs more than 70% of the time, and the two target samples occur less than 30% separately. The participants were required to respond to the feeling of the two target samples. The sample test order used a pseudorandom sequence that was not revealed to the participants. It included a total of 120 stimulations (15 times for the two target stimulations, respectively, and 90 times for the non-target stimulation). In this study we want to study the brain response to the grating textures, so the grating samples were chosen as target samples and the non-textured sample (smooth sample) was chosen as non-target sample.
To compare the tactile perception of two different kinds of grating samples, six group tests were carried out as shown in Table 2 .
Participants
Twelve healthy, right-handed male undergraduates from China University of Mining and Technology, 23-27 years (mean ± standard deviation = 24.7 ± 1.2 years), took part in this study. Hair was cleaned before the test. Informed consent and personal information were obtained before the experiment. The task was to feel the surface gratings. Training was given to all participants before the test. The training samples were different from the formal test samples. In training, the participants (ears covered and hands free) were asked to use their right index finger to slide along the sample surfaces with a constant normal load about 1.5 N and a 20 mm sliding distance for 0.5 s. A touch was considered one stoke. After the first touch test, the participants lifted their finger, and waited for approximately 1.5 s for the next touch. Therefore, one trial lasted approximately 2 s. In order to trigger the amplifier of EEG system and mark the start of touch, the tests were carried out until the participants could reach almost constant normal load of 1.5 N which can be monitor by the signal collecting system. The participants were asked to maintain this constant rhythm for each formal trial.
During the formal test, the assistant moved the slide rail to change the samples and the participants only needed to slide their finger on the sample with the constant rhythm and focus on feeling the grating textures. There were 120 touches that took 4 min for one trial. The participants rested for 10 min. Each trial was repeated twice.
EEG and friction measurement
All experiments were carried out in a screened EEG laboratory that insulates sound and electromagnetic interference. The ambient condition was 18-22°C, and the relative humidity was 40-55%. The friction and touching normal load were collected by the tri-axial force sensors which was simultaneous with EEG measurement.
EEG data were recorded by a 32-channel EEG-System (BrainAmp, Brain Products, Munich, Germany) with sampling frequency of 1000 Hz. Electrode impedance was maintained below 5 kX throughout the study.
EEG data were processed through the Brain Vision Analyzer (Brain Products, GmbH, Munich). The data were referenced to an averaged ears montage, the bandpass was filtered between 0.1 and 30 Hz, and the baseline correction was done.
The data was then further processed and analyzed using MATLAB toolboxes (Lopez-Calderon&Luck, 2014). The analysis process included curve fitting and identification of P300 waves. The ERP waveform was obtained by superimposing and averaging the EEG data for all touches in one trail. The P300 is an ERP component elicited in the process of decision making, which usually happens after approximately 300 ms in the ERP waveform. So, a MATLAB platform (MathWorks, Inc., Natick, MA, USA) was designed to obtain the peak voltage of the ERP waveform between 250 and 450 ms for each electrode, and this was chosen as the P300 peak amplitude. The time corresponding to the peak voltage was chosen as the latency of P300. Fig. 2(a) shows a typical ERP waveform of one trial for one electrode. The average peak amplitude and latency of P300 for all trials for each electrode were calculated.
The parietal and occipital lobes are mostly related with cognition [31, 32] . The electrodes of C3, CZ, C4, CP1, CP2, P3, PZ and P4 were in the corresponding positions on the EEG cap and were chosen as the test electrodes to collect the EEG signals, shown in Fig. 2  (b) . The M1 and M2 earlobe electrodes were chosen as reference electrodes.
Subjective evaluation
Thirty healthy, right-handed undergraduates from China University of Mining and Technology, 23-27 years (mean ± standard deviation = 24.2 ± 1.5 years), took part in subjective evaluation. Training was given to all participants before the test which was same with the EEG test. In the test, the feelings of the gratings were divided into smooth, scratchy, and distinctive. The distinctive feeling means feeling the difference between smooth and grating samples. The participants graded samples according to the three dimensions, and the scores (ranging 0-5) were averaged for each subject. Higher human evaluation scores for smooth, scratchy, and distinctive feelings correspond to smoother feeling, scratchier feeling, and more recognizable feeling, respectively. The smooth sample (P) was initially presented to participants as reference stimulus. It was informed that evaluation scores for smooth, scratchy, and distinctive feelings were 5, 0, and 0 for reference stimulus. In each trial, participants first felt the reference stimuli, followed by experiencing one of the six stimuli (W 1 , W 2 , W 3 , S 1 , S 2 , and S 3 ), and orally reported the perceived feelings of the given stimulus. Each stimulus was presented twice per participant.
Finite element model
The mechanoreceptors embedded in skin are the tactile stimulus receptors. Since it is difficult to obtain the stress on cutaneous mechanoreceptors during tactile perception, a multilayer finite element model was established to analyze the stress using a commercial software package, ABAQUS/Standard (Version 6.12).
It is known that skin is a nonlinear, inhomogeneous, and anisotropic material. Previous studies showed that a two-dimensional plane strain model of fingertip composed of a homogeneous linear elastic material can predict the stress and strain distributions within skin, and thus the response profiles of the mechanoreceptors under rectangular gratings [33] [34] [35] . Meanwhile, the deformation of skin was small for the applied pressure in the model. Therefore, we simplified the fingertip model as a twodimensional plane strain model composed of a homogeneous linear elastic material. This finger model was divided into four parts, namely, the epidermis, dermis, subcutaneous soft tissue, and bone as shown in Fig. 3 . The parameters of four finger layers and the samples are shown in Table 3 . The constraint types of different layers were set as ''Tie". The resolutions of the epidermis, dermis, subcutaneous soft tissue, and bone were set as 0.1 mm, 0.2 mm, 0.5 mm, and 1 mm. Because subcutaneous soft tissue and bone were not analyzed so they were set with lower resolutions. ''Surface to surface contact(Standard)" was chosen as the contact element type. The perceived sample was fixed by constructing constraints for all degrees of freedom of its base line, namely DOF (degree of freedom) is 0. The DOF of finger model was not restricted and it is 3.
According to the references [38] , the mechanoreceptors can be considered as infinitesimal elements. The Meissner and Merkel corpuscles are located near the interface between the epidermis and dermis [39] . In the model, the locations of the two mechanoreceptors were simplified as nearby soft tissues. To simplify the analysis process, the finite element model only establishes the contact part between finger skin and the sample, and the outline of the fingertip was ignored.
The simulation process was divided into two steps: static loading and dynamic sliding. In the first analysis step, the perceived sample was fixed by constructing constraints for all degrees of freedom of its base line. A pressure of 1 kPa was uniformly loaded on the finger model. In the second analysis, a boundary condition of 16 mm/s velocity was applied to finger model. Then, the finger scanned over the surface of the perceived sample at the given speed and pressure. The formula of finite sliding was defined between the finger and the perceived sample. Friction formulation was set as ''Penalty". The coefficient of friction between the finger and the perceived sample was set as 0.5 in this model. The applied pressure, velocity, and coefficient of friction were set based on the tactile perception experiment results.
Results and discussions

Finite element analysis
The perception processes were simulated according to the six grating samples in the experiment. Fig. 4 show the nephogram and graph of Mises stress when the finger contacted different grating widths and spacing. Fig. 4(a) show that the deformation of finger skin and the Mises stress near the Meissner and Merkel corpuscles increased with increasing grating width, indicating that larger skin deformation generates greater stress. The greater stress then induces greater tactile stimulation to the mechanoreceptors. 4(b) shows that the frequency of stress increased with decreasing grating spacing. The periodic stress causes vibration stimulation to the Meissner and Merkel corpuscles, and higher stimulation vibration frequency induces stronger tactile stimulation to the mechanoreceptors. The finite element results support the friction and ERP experimental results discussed in the following section.
Frictional properties of skin
The friction coefficients and contact areas of fingers when touching the different gratings are shown in Fig. 5 . The normal load W and friction force F were obtained from the tri-axial force sensor.
The friction coefficient l was calculated with l = F/W. In order to obtain the contact area, a streak camera was used to get the contact images during the touching of surface. Then the contact areas were extracted and calculated.
The results show that the friction coefficient increases with increasing grating width when the grating spacing is constant. As the fingers scan over the surface, deformation increases with increasing grating width, resulting in a larger coefficient of friction.
When the grating width is constant, the friction coefficient increases with grating spacing. Due to the small 1 mm grating width, finger deformation does not play a key role in the friction force. In this case, the force mainly comes from adhesive friction. As shown in Fig. 5(b) , it was found that the reduction of grating spacing and the increase of grating width decreased the effective contact areas between the skin and the samples. The reduction of grating spacing decreases the effective contact area between the skin and the samples, thus resulting in a smaller adhesive friction and coefficient of friction. The friction force produces deformation and vibration stimulating the mechanoreceptors embedded in skin. The mechanoreceptors have the ability to detect, code, and transform this tactile information to the corresponding sensing area of the cerebral cortex through the sense-conducting pathway. Friction affects the tactile perception. The grating width and spacing induce different friction coefficients, implying the different tactile perceptions formed in the brain. It is necessary to discuss the electroencephalogram when humans feel different textural features.
Subjective evaluation
The average evaluation scores of the three feelings for all gratings are shown in Table 4 .
The result shows that the smooth feeling decreases, and the scratchy and distinctive feelings increase with increasing grating width. The larger grating width increases the surface roughness and friction coefficient leading to decreasing smooth feeling. The wider the texture grating is, the higher the contact pressure and skin deformation, which induce a larger scratching feeling that is easier to identify.
It also shows that smooth feeling scores decrease with decreasing grating spacing. The smaller grating width increases the surface roughness, leading to decreasing smooth feeling. The scratchy and distinctive feelings increase with decreasing grating spacing. The smaller the grating spacing is, the larger the skin vibration, which induces a greater scratching feeling that is easier to identify.
P300 analysis
The P300 is an ERP component elicited in the process of decision making. It usually happens after approximately 300 ms in the ERP waveform. In this section, the peak amplitude and peak latency of P300 are discussed. Fig. 6 and Fig. 7 summarize the P300 components induced by samples with different grating widths and spaces.
Peak latency of P300
The P300 peak latency is usually interpreted as the speed of stimulus classification resulting from discrimination of one event from another. It is an index of classification speed proportional to stimulus evaluation timing that is sensitive to task processing demands, and the P300 peak latency varies with individual differences in cognitive capability [40] . In this study, the P300 latency shows the volunteer's judgment speed for tactile distinction between the target grating samples and smooth non-target samples. As shown in Fig. 6 , the peak latency of W 1 is larger than for W 2 in group 1; the peak latency of W 1 is larger than for W 3 in group 2, and the peak latency of W 2 is larger than for W 3 in group 3. The results suggest that the textural characteristics of grating width affect the P300 peak latency. It shows that the sample with larger grating width can induce a shorter P300 peak latency, indicating the participants that recognize the wider grating quickly and easily. The subjective evaluation of distinctive feeling and the dif- ference between the smooth non-target sample and grating target samples on Mises stress reveal that W 1 < W 2 < W 3 . The larger scores of distinctive feeling and larger differences of Mises stress lead to easier recognition of the grating texture, further inducing a shorter P300 peak latency for the samples with larger grating width.
Also, the difference of P300 peak latency between samples W 2 and W 3 is particularly small, which is coincident with the results of the P300 amplitude. As shown in Table 4 , the subjective evaluation of W 2 and W 3 are close, suggesting that the surfaces with similar texture feeling will induce a similar P300 component.
As shown in Fig. 7 , the peak latency of S 1 is larger than S 2 in group 4, the peak latency of S 1 is larger than S 3 in group 5, and the peak latency of S 2 is larger than S 3 in group 6. The results suggest that the textural characteristics of grating spacing affect the P300 peak latency; samples with smaller grating spacing can induce shorter P300 peak latency. Taken together, the subjective evaluation of distinctive feeling and the difference between the grating and smooth samples in regard to friction coefficient and stress show that S 1 < S 2 < S 3 . The larger scores for distinctive feeling and the larger differences in friction coefficient and Mises stress lead to easier texture recognition, further inducing a shorter P300 peak latency for samples with smaller grating spacing.
Peak amplitude of P300
The P300 peak amplitude is defined as the voltage difference between the largest positive peaks from the baseline of the EEG waveform within the latency window [41] . The peak amplitude of the P300 is proportional to the amount of attentional resources engaged in processing a given stimulus, and it is not influenced by factors related to response selection or execution [42] . The P300 peak amplitude is significantly affected by perception and attention factors that reflect the excitability of the brain.
As shown in Fig. 6 , the peak amplitude in W 2 is larger than in W 1 in group 1, the peak amplitude of W 3 is larger than in W 1 in group 2, and the peak amplitude of W 3 is slightly larger than in W 2 in group 3. The results suggest that grating width textural characteristics affect the P300 peak amplitude. These findings demonstrate that the sample with larger grating width evokes higher P300 peak amplitude, indicating that the participants use more attentional resources in the tactile perception of wider gratings.
Taken together, the subjective evaluation of scratchy feeling, the coefficient of friction, and the Mises stress values show W 1 < W 2 < W 3 . The larger grating width generates greater skin deformation, friction force, and stress, and it induces stronger tactile stimulation to the mechanoreceptors, further evoking a higher P300 peak amplitude.
As shown in Fig. 7 , the peak amplitude of S 2 is larger than that of S 1 in group 4, the peak amplitude of S 3 is larger than that of S 1 in group 5, and the peak amplitude of S 3 is larger than that of S 2 in group 6. The results suggest that grating space features affect the P300 peak amplitude. This finding reveals that samples with smaller grating spacing evoke higher P300 peak amplitudes. As the results show in the finite element analysis, smaller grating spacing generates higher frequency vibration stimulation to the mechanoreceptors, thus inducing stronger tactile stimulation and further evoking higher P300 peak amplitude.
Conclusions
This paper systematically studied the tactile perception from the surface textures, surface friction, stress response of the skin receptors, and neurophysiological response of the brain. The conclusions are as follows.
The stress concentrations around the Meissner and Merkel receptors are affected by the grating textures during tactile perception. The deformation of finger skin and the Mises stress near the Meissner and Merkel corpuscles increase with increasing grating width. The frequency of stress increases with decreasing grating spacing.
The friction on the skin is affected by grating textures during tactile perception. The friction coefficient increases with increasing grating width and spacing. Skin deformation increases with increasing grating width and generates larger deformation friction. The skin contact area increases with increasing grating spacing, generating larger adhesive friction. P300 evoked by gratings are related with the skin deformation, contact area, friction force, and stress around cutaneous mechanoreceptors. P300 latency is related to the difference between the grating target stimulus and the smooth non-target stimulus. The larger the distinctive feeling value is, the larger the difference in friction coefficient and stress between the smooth non-target sample and the grating target samples is, and the easier the grating texture can be recognized. The P300 peak amplitude increases with increasing grating width and decreasing spacing. The wider grating width generates larger skin deformation, friction force, and stress, which induces stronger tactile stimulation. The smaller grating spacing generates higher vibration frequency, inducing stronger tactile stimulation.
This study objectively proofed that ERP methods are useful to study the brain's response to tactile perception and there is a relationship between the activation in brain regions, surface friction, and contact conditions of skin during the tactile perception.
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